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Abstract 
 This study uses quantitative and qualitative methods to constrain groundwater 
properties through 7 springs located in Gordon Gulch, Colorado.  The questions this 
research addresses the water table’s contribution to the intermittent nature, what are their 
sources, and what is their contribution to the stream.  Samples were taken by hand and 
with an auto sampler to be analyzed for Cl, SO4, NO3, Si, Mg, Ca, Na, and K.  The 
findings were that, during baseflow, the springs are source by groundwater, groundwater 
is the major contributing source to the stream channel, and the groundwater table is not 
homogenous.  These findings give a better picture into the hillslope hydrological 
processes of Gordon Gulch to lay a foundation for others to better understand land use.  
The study was written for an undergraduate thesis, and was made possible by funding 
from the Undergraduate Research Opportunity Fund and the Boulder Creek Critical Zone 
Observatory. 
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Introduction 
 Chemical reservoirs of the atmosphere, continent, biosphere, and oceans are 
linked (Oliva, Viers, and Dupre 2003); the link between all the chemical reservoirs is 
water, and the flow on land starts at the catchment level.  Flow paths of water have been 
studied and debated since the early study Horton’s 1933 infiltration theory of runoff 
(Montgomery & Dietrich, 1995).  Today there are many drainage basins, or catchments, 
that have been studied repeatedly that include Panola, USA, Maimai, New Zealand, and 
Fudoji, Japan.  These catchments, and many others, have been studied in many different 
ways to figure out how all the flow paths of water are related.  Studies include various 
techniques including measuring pore pressures in soil, chemical analysis of water, 
chemical tracers, mixing models with inputs and outputs, and many more.  General 
findings are that groundwater that has longer residence time is the largest contributor to 
stream water.  Implications for this research have included topics such as flood analysis, 
landslide analysis, carbon sequestration rates, and for land changes. 
The goal of this research is to investigate the reason why certain hydrological 
springs flow for only part of the year, what their water source is, and their contributions 
to runoff.  The study is conducted on 7 of the 17 intermittent springs identified in Gordon 
Gulch (GG), Colorado.  Since springs can be the result of many different paths water will 
take through a hillslope, hillslope flow paths will be a central discussion in this paper.  
Springs are simply a return of groundwater, a major contributor to stream water.  Water 
enters the system through precipitation or snow melt, infiltrates into the soil, moves 
through the soil and/or bedrock, and eventually flows to the surface water channel.  
During this journey initiated by gravity, the water interacts with different sources of 
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solutes that give it a unique chemistry.  The unique chemistry is indicative of the path 
that it took through the hillslope.  In the most simplistic of models hillslope flow paths 
include saturated, unsaturated flow in the subsurface, and flow over the surface.  This 
research explores the paths that water takes to the stream channel using analysis of water 
chemistry. 
To obtain water chemistry, samples were collected, filtered, and analyzed by 
different labs.  Sampling took place just after peak runoff (May-July) over a two year 
period.  Samples were collected manually and in some locations with an auto sampler.  
Once water was collected, it was filtered in the lab and sent to two different labs for 
analysis. Other data, including stream water chemistry, ground water chemistry, stream 
discharge, and ground water levels, were all collected and shared with me from the 
Boulder Creek Critical Zone Observatory (CZO). 
To conduct this research I compared the chemistry of springs to many different 
variables.  The first of these variables is how did the springs compare to each other and 
other water in Gordon Gulch including precipitation, surface water, and groundwater.  To 
compare springs to each other I used water chemistry, field measurements, and 
Geographical Information Systems (GIS) for physical attributes.  Once differences are 
established inferences were made as to the possible flow paths that water could take to 
explain the water chemistry of the springs in Gordon Gulch.  
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Background 
 In order to understand differences between water chemistry of springs, a basic 
understanding of how water moves and the empirical relationships that constrain water 
through soil, hillslope flow paths, and controls on solute release must be explained.   
 The basic catchment has hillslopes on either side of a water channel with the 
channel being the lowest point as show in figure 1.  The channel generally coincides with 
the water table, the level to which the soil is saturated, or filled with water.  As the 
hillslopes rise from the 
channel, the water table 
is no longer at the surface.  
The area in between the 
water table and the soil 
surface is called the 
unsaturated zone; an area 
where there is a mixture 
of soil, air and water.  
Rules that constrain 
water flow through the 
saturated and unsaturated 
zones are different 
largely because of the 
difference in water 
content and saturated 
Figure	  1.	  	  A	  basic	  hillslope	  with	  the	  channel	  on	  the	  left	  showing	  flow	  
paths:	  a)	  groundwater	  discharge,	  b)	  overland	  flow,	  and	  c)	  subsurface	  
storm	  flow.	  From	  Hornberger, Raffensperger, Wiberg, and Eshleman 
(1998) 
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hydraulic conductivity. 
 
Saturated and unsaturated flow rates 
  Water moving through a soil column to bedrock has almost an infinite 
number of flow paths; the constraints of discharge can be summed up with a few 
concepts: hydraulic head gradient, capillary-pressure gradient, hydraulic conductivity, 
and moisture content.  There are two basic zones of flow: one through the unsaturated 
zone and one through the saturated zone.  The controls on flow rates are very different in 
the two zones.  The saturated zone is the simpler of the two. 
The saturated zone is the zone where all soil pores are filled by water.   
Poiseuille’s law and Darcy’s law describe saturated flow.  Poiseuille’s law, describing 
laminar flow in a water filled pipe, states, “Discharge is directly proportional to the 
pressure gradient, inversely proportional to the fluid viscosity, and directly proportional 
to the fourth power of the radius of the tube” (Hornberger, Raffensperger, Wiberg, and 
Eshleman,1998, p. 126).  This law simply states that water will flow faster in a large tube 
than in a smaller tube.  With other factors being equal, a 1mm tube will have a flow 104 
smaller then a 10mm tube.  Flowing horizontally, Poiseuille’s Law states that the flow 
will be proportional to the pressure gradient created from water pushing on itself.  
Hydraulic head is the sum of pressure water exerts on itself (pressure gradient) and the 
head due to the force of gravity (Hornberger et al., 1998, p. 126).  Third, Darcy’s law 
takes Poiseuille’s law a step further by describing water flow through a saturated porous 
column (a model of soil).  Darcy’s law states the total discharge varies in direct 
proportion to a cross sectional area of the column and the hydraulic head difference, and 
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inversely with length of the column (Hornberger et al., 1998, p. 127).  The final piece to 
Darcy’s law is hydraulic conductivity, a constant of proportionality, describes the ease of 
flow of water in a saturated porous medium; the larger the pore size the faster the water 
will flow (Poiseuille’s Law). Hyrdaulic conductivity also depends on visocisty, but that 
does not change for water.  Therefore, in a saturated soil, with equal pore sizes, the flow 
is directly proportional to the hydraulic head gradient.   
Flow through unsaturated soil is more complicated because of changing capillary-
pressure head, and unsaturated conductivity.  Capillary forces of unsaturated soil exert 
great control over the flow path.  If you filled a sink with water and touched a sponge to 
the surface of the water, water will be sucked up into the sponge because of capillarity.  
Conversely it is impossible to squeeze all the liquid out of a sponge because of capillarity. 
Capillary forces come from water’s greater attraction to the walls of a tube then to itself. 
Water will rise in a capillary tube to a height inversely related to the tube diameter 
(Hornberger et al., 1998, p. 174).  The capillary force is regarded to as the capillary-
pressure head.  Because of the inverse relationship of suction to pore/tube diameter, the 
smaller the pore the greater suction there is.  The more suction there is the more negative 
the capillary-pressure head is.  Finally bringing it all together, because of capillary forces 
water will first flow through the smallest pores due to the greatest suction, and due to 
Poiseuille’s law that flow will be the slowest because the pore sizes are the smallest. 
 When infiltration begins in dry soils Darcy’s Law would state that the flow would 
be very slow due to low hydraulic conductivity, however capillary-pressure far 
outcompetes.  When water first enters unsaturated soil it will flow through the smallest 
diameter pores first, at a rate higher than predicted from the hydraulic pressure head or 
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saturated conductivity, because of their greater suction.  In order to increase the speed of 
flow water needs to be able to flow in larger pores.  Figure 2 shows that there is a specific 
capillary pressure head where moisture content increases exponentially.  Larger pores 
have much less negative capillary pressure, or suction, because the size of a pore is 
inversely related to suction.  To fill a large pore the capillary pressure in the connected 
smaller pore must equal 
the pressure in the larger 
pore, and then the larger 
pore will fill.  Once the 
large pores fill the flow 
becomes much faster due 
to Poiseuille’s Law.  
Conversely when the 
large pores drain the 
suction has to increase to 
the smaller pore’s suction.  If all pores become saturated the flow will be the fastest due 
to a high hydraulic conductivity and the larger pore’s ability to conduct water faster.  One 
final example is macropores.  Macropores are much larger then the average pores in the 
soil and can conduct water downslope at speeds much faster then any law would predict 
for the average properties of soil.  All of the properties of saturated and unsaturated flows 
create a variety of flow paths. 
 
 
Figure	  2.	  	  The	  moisture	  characteristic	  from	  an	  organic	  horizon	  showing	  
the	  point	  at	  which	  the	  pressure	  head	  will	  change	  to	  allow	  larger	  pores	  to	  
fill.	  	  From	  Hornberger et al. (1998) 
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Catchment flow paths 
 A catchment can have many different flow paths at the same time.  The most 
obvious one we see is the main river channel.  The main source of water to the stream is 
the saturated zone, or more specifically groundwater.  Changes in the stream’s discharge 
represents an increase in flow or a change in flow pathways to the channel.  Changes to 
discharge and flow paths are associated with inputs of precipitation or snowmelt.  In 
addition to groundwater flows the other flow paths in response to added inputs are 
overland flow, subsurface storm flow, and saturation overland flow. 
Principal storm flows paths have been defined in many ways; this paper will 
define them, as Dunne (1983) has, as Horton overland flow, subsurface flow, and 
saturation overland flow.  Horton overland flow occurs when the precipitation rate is 
higher then the soils ability to accept water, also known as infiltration rate (Horton, 1933).  
The more arid and the less vegetation there is the higher chance that Horton overland 
flow will happen (Dunne, 1983).  Subsurface flow, which will be the most important for 
this study, includes most flows below the surface of the soil.  When soil has a coarser 
texture or when there is more vegetation subsurface flows tend to be greater than the 
average velocity would suggest (Dunne, 1983).  The two basic types of subsurface flows 
are unsaturated and saturated flows, and under these two categories many more specific 
flow paths will be explained.  The closer the soil is to saturation the faster the water will 
flow due to the high hydraulic conductivity until it reaches its maximum hydraulic 
conductivity at saturation (Hornberger et al., 1998, p. 128).  During storm flow, 
subsurface flow through the soil is generally a dominant flow mechanism (Fujimoto, 
Ohte, and Tani, 2008; Dunne, 1983).  Many factors can influence subsurface flow 
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including pore size, antecedent soil moisture, surface topography, bedrock fractures and 
bedrock topography (McGlynn, McDonnel, and Brammer, 2002).  Finally saturation 
overland flow occurs when the water table rises to the surface by vertical or lateral 
percolation (Dunne, 1983).  Saturation overland flow is likely in areas with high amounts 
of vegetation and thin soils (Dunne, 1983). 
  Generally during baseflow, or the flow with very little added inputs, shows one 
type of flow, however with stormflow, or when there are water inputs, the flow paths can 
change dramatically; the variables of these flows are presented in figure 3.  In order to 
create the different flow paths there must be a source of water that leads to rising 
discharge in 
the channel.  
The first 
source is rain 
or snowmelt 
that falls 
directly onto 
the channel 
and overland flow.  Second, rain or snow melt can be quickly transmitted though the 
unsaturated zone to the saturated zone or directly to the channel (subsurface storm flow).  
And finally, water from the saturated zone/groundwater is the main source of water for 
the channel. 
 
 
 
 
29 
vertical percolation above an impeding horizon (Dunne and Black, 1970a, b; 
Bonell and Gilmour, 1978).  Some of  the water that has been moving slowly 
through the topsoil emerges and flows over the ground surface as return f low 
(Musgrave and Holtan, 1964)  and is augmented by direct precipitation onto 
the saturated area, which expands and contracts seasonally and during rain- 
storms. Saturation overland flow tends to dominate storm runoff  in thickly- 
vegetated landscapes with thin soils, high water tables, and long gentle 
concave hillslopes. Subsurface stormflow in these regions may still be 
important in contributing to the recession limbs of  hydrographs from small 
basins as well as affecting landsliding, soil drainage, and water chemistry. 
Thus it is necessary to combine he study of subsurface f low and saturation 
overland flow. 
Temporal and spatial variation of  the zones that generate subsurface 
stormflow led to the use of  the terms variable-source concept (Hewlett and 
Hibbert, 1967)  and dynamic-watershed concept (T.V.A., 1964}. Dunne and 
Black (1970b)  and Dun e et al. (1975)  emphasized the fact that in some 
regions those dynamic contributing zones generate saturation overland flow. 
The environmental controls on the various mechanisms of storm flow are 
summarized in Fig. 1. The arrows between labels imply a range of  storm 
frequency as well as drainage basin characteristics. For example, a hillslope 
may generate only subsurface flow during a gentle rainstorm, and Horton 
overland flow during a deluge; or subsurface flow alone during a short 
rainstorm and saturation overland flow during a long one. 
Y 
Hot  ton over land 
f low d o m i n a t e s  
hydrograph , contr ' ibutons 
f rom subsurface stornqf low 
a~e less impor tant  
Direct  prec ip l ta t  ion 
and r e t u r n  f low 
domina te  hydnograph ; 
subsurface s to rmf iow 
less impor tan t  
I I i 
VARIABLE 
SOURCE 
CONCEPT ,, 
! 
Subsur face stor 'mf low 
dominates hydrograph 
volumetr ica l ly  : peaks 
produced by re tu rn  f low 
and direct p rec ip i ta t ion  
Thin soils : gent le  
concave footslopes ; 
w i d e  val ley b o t t o m s  ; 
soils of high to low 
p e r m e a b i l i t y  
Steep,  s t ra igh t  
hil lslopes : d e e p ,  v e r y  
p e r m e a b l e  soils ; 
n a r r o w  val ley b o t t o m s  
Topography 
and soils 
A r i d - t o -  subhumld 
c , lmate : thin vegetat ion : 
o r  drsturbed by Man 
Humid chmate 
dense  vegetat ion 
Cl imate ,  vegeto t lon  and l a n d - u s e  
Fig. 1. S c h e m a t i c  i l lustration o f  the occurrence  o f  various r u n o f f  processes  in relat ion 
to  their major controls .  
Figure	  3.	  	  Flow	  paths	  and	   heir	  relati nships.	  	  From	  D nne	  (1983).	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Springs 
 Springs are a point where the saturated zone reaches the ground surface (Kresic 
and Stevanovic, 2010, p. 232).  They are the result of a concentration of saturated zone 
flow paths that emerge from a single point rather then a diffuse area like saturation 
overland flow.  Spring discharge at the soil surface is ultimately because of the force of 
gravity whether it is the saturated zone meeting the surface or pressure on a confined 
aquifer (Kresic and Stevanovic, 2010, p. 232).  Perennial springs are likely located at or 
below the year round water table, while intermittent springs occur where the water table 
rises or perched saturated zones develop.  The water table can rise to the surface because 
of added inputs, convergent topography, bedrock fractures, and perched saturated zones. 
When springs emerge from a single point it is generally from a rock fracture where as a 
seep is a less concentrated version of a spring that is from unconsolidated sediments 
(Kresic and Stevanovic, 2010, p. 231). 
 This study examines springs to help constrain groundwater contributions to 
streamflow.  Spring locations, discharges and chemistries are considered.  Spring 
chemistry shows if their source is closer to precipitation and snowmelt or whether it is 
more of a long residence groundwater.  Spring discharge shows how the water table 
fluctuates along the hillslope, and finally location shows how groundwater flows. 
 
Literature Review 
 This section will build upon the basic concepts explained in the background and 
apply the concepts to real hillslope examples.  First will be an explanation of hillslope 
water flows during storms versus base flow to show the discovery of different flow paths.  
After that, the different foundations for different flow paths will be explained.  The 
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discussion section will integrate the knowledge gained from the literature review into the 
research findings to explain: why do the springs flow when they do, what is their source, 
and how do they contribute to runoff in the stream? 
 
Base flow and Storm flow 
  Since Horton’s 1933 infiltration runoff theory, hillslopes have been studied for 
their response to inputs of water (i.e. precipitation).  Single drainages have been studied 
for decades to reveal the processes of storm runoff.  Onda, Komatsu, Tsujimura, and 
Fujihara, (2001) thought subsurface stormflow to be one of the most important processes 
creating runoff in streams.  New water and old water mix together in different ratios to 
create runoff.  New water is characterized by water that has not been in the hillslope for a 
long time giving it a chemistry much closer to the precipitation because it has not 
interacted with the soil/bedrock for a significant amount of time.  In contrast, old water 
has been in the hillslope long enough to significantly interact with the soil/bedrock so that 
its chemical make up is noticeably changed.  New water can get to the channel as 
infiltration excess overland flow, macropores, or a rise in the water table (Burt & Pinay, 
2005).  Old water generally gets to the stream from groundwater flows, and can be 
displaced rapidly by groundwater ridging, translator flow, macropore flow, saturation-
excess overland flow, kinematic waves, and water being released from surface deposits 
(Burt & Pinay, 2005).  Across the literature it is agreed that old water dominates stream 
runoff both during baseflow (no inputs of water) and stormflow (inputs of water) 
(McGlynn et al., 2002; Anderson et al., 1997a,b; Onda et al., 2001; Burt & Pinay, 2005; 
Bonell, 1998; and Sklash, Stewart, and Pearce, 1986).  Onda et al. (2001) found that their 
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granite basin during peak flow contributed 64% old water.  New water is not an important 
storm runoff mechanism according to McGlynn et al., (2002), however some may argue 
that it is an important mechanism just not an important contribution to runoff (Anderson 
et al., 1997b).  Anderson et al. (1997b) sprinkled both high and low concentration water 
onto a hillslope and found that when it was always buffered to a more medium value by 
the time it reached the stream.  However there is not simply one medium value that the 
water is buffered to.  McGlynn et al., (2002) stated that the variability seen in hillslope 
water and runoff is because of moisture contents and pathways.  In general the 
concentration of solutes is inversely related to discharge; this is due to changing gradients 
in the soil leading to greater contributions of low solute new water (Anderson 1997a,b).  
The amount of runoff and solutes also changes drastically with the size of the storm 
(McGlynn et al., 2002; Uchida, Asano, Ohte, and Mizuyama, 2003).  Small storms often 
show little response to added inputs of water, and large storms create quick hillslope 
runoff that sometimes is larger then the inputs (McGlynn et al., 2002; Uchida et al., 2003).  
In contrast to hillslopes bedrock springs are found to have slow and insensitive responses 
to storms (Onda et al., 2001; Sklash et al., 1986).  Bedrock springs do respond to high 
amounts of stored soil moisture with high precipitation by having a higher flow (Onda et 
al., 2001).  However those studies were only for bedrock springs, and it is important to 
understand stormflow to understand all the possible flow paths that could contribute to a 
spring.  In general, to provide a significant portion of subsurface flow a catchment must 
have permeable soils that decreases with depth and a steep impeding layer; these qualities 
provide a slope that will infiltrate water and move it down slope quick enough so that it 
will not pool on the surface (Woods & Rowe, 1996). To further understand the outcomes 
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of storm flow is it important to look into all the different contributing factors starting with 
topography. 
 
Effects of hillslope topography 
Hillslopes, a primary piece of landscapes, make up everything but the channel in a 
cathcment. Hillslope’s topography is classified as convergent, divergent, and planar 
(Fujimoto, Ohte, and Tani, 2008).  The different topographies of hillslopes are portrayed 
in figure 4.  Woods and Rowe (1996) stated in most catchments there is a larger portion 
of planar and divergent regions 
when compared to convergent.   
However convergent and divergent 
hillslope do no yield similar flows; 
Burt and Pinay (2005) found that 
the convergent slopes produced 
58% of the increase in discharge despite being only 35% of the channel length.  The 
difference is due to antecedent moisture in the hillslopes.  Anderson et al. (1997b) found 
that saturation near the channel expands and contracts during storm events exerting 
control on the flow paths contributing to runoff.  Many researchers agree with Anderson 
et al. (1997b) in that antecedent moisture exhibits a large control on flow paths and runoff 
(Freeze, 1972a; McGlynn et al., 2002; Uchida et al., 2003). In small storms convergent 
slopes generally have little to no response that is very delayed, and side slopes showed a 
small rapid response (Fujimoto et al., 2008).  Medium and large storms are similar in that 
the soil becomes saturated upslope (Fujimoto et al., 2008; Anderson et al., 1997b; Burt & 
1062 WOODS ET AL.: SUBSURFACE RUNOFF VARIABILITY 
Divergent Planar Convergent 
"' '*' : Catchment Divide i • • 
Stream 
Figure 1. Qualitative summary of the influence of topogra- 
phy on spatial variability of subsurface runoff (longer arrows 
indicate more flow per unit catchment area). 
(30ø), short (60 m) forested hillslope with shallow soils (0.6 m) 
which are highly permeable (saturated hydraul c onductivity 
of the order 250 mm/h for soil matrix) and have numerous 
macropores. Contours of land surface elevation and inferred 
subcatchment areas are also shown on Figure 2: troughs T10 to 
T14 drain a large fraction of the slope. The gap between 
troughs T20 and T21 is due to a sudden localised i crease in 
soil depth which prevented flow measurements being made. 
Available evidence suggests that this region between troughs 
T20 and T21 does not drain an appreciable portion of the slope 
beyond that inferred from surface contours, and that no other 
significant cross-slope variations in soil depthare present.Av- 
erage annual rainfall at the site is 2450 mm, and annual runoff 
from adjacent small catchments (3-8 ha) is typically 1300- 
1600 mm. Rainfall and trough flow measurements were made 100 continuously at the slope for 2 years. See Woods and Rowe 
[1996] for further references and a detaileddescription of the 
site and measurement echnique. 90 
The observed spatial variability of runoff between troughs at 
the site was considerable, and the variability changed markedly 
with antecedent conditions. Figure 3 shows runoff hydrographs 8o 
for six events in 1993, each of 30-hours duration. Storm runoff 
rates are calculated as the volume flow rate per unit subcatch- 70 
ment area, for five groups of adjacent troughs, and API 7 = 
•i7__ • pi/i is a 7-day antecedent precipitation i dex, wherepi is 
the daily rainfall on the i th day before the storm. Groups of e0 
troughs were selected todrain a common topographic shape 
(convergent, divergent, planar); results in Figure 3 are insen- m 50 sitive to exchanges of single troughs between groups. The ef- 
fects of prest,orm moisture status (decreasing down Figure 3) 
and storm size (decreasing across Figure 3) are both obvious. 4o 
The convergent region drained by troughs T7-T14 delivers 
proportionately more runoff than other groups in drier condi- 
tions with smaller storms. Storm response across the hillslope 30 
appears most uniform for wetter conditions and for the larger 
storms (especially Figure 3a). The divergent and planar regions 2o 
deliver less runoff both at the storm peak and during reces- 
sions. Longer-term records show that total runoff from the 
convergent region is also greater than from the rest of the 
hillside, suggesting that average "losses" (mainly transpiration) 
may be less for that region (interception is likely to be uniform 
over this slope). This contrast inwater balance across the 0 
hillside occurs because the convergent region is discharging 
more runoff, and so less water is available for transpiration. 
This paper seeks an efficient method of predicting the changing 
patterns of subsurface runoff illustrated by Figure 3 and the 
longer-term water balance data. 
Models 
Commonly used methods for quantifying spatially variable 
runoff generation include topography-based wetness indices 
[Beven and Kirkby, 1979; O'Loughlin, 1986], hillslope hydrology 
models [Sivapalan, 1993; Salvucci and Entekhabi, 1995], and 
spatially distributed two- and three-dimensional models 
[Freeze, 1972; Troendle, 1985; Wigmosta et al., 1994]. Some 
variable source area descriptions of runoff generation include 
subsurface stormflow [Dunne, 1978; Troendle, 1985], but recent 
models of variable source areas have concentrated on surface 
source areas, for example, TOPMODEL [Beven and Kirkby, 
1979] and WETZONE/TOPOG [O'Loughlin, 1986]. This is a 
result of d tailed field studies in locations where subsurface 
flow has been shown to play an important role in setting up 
patterns of surface saturation [e.g., Dunne and Black, 1970], as 
opposed to generating subsurface stormflow. 
Topography-based index approaches for spatial variability 
have been widely applied to problems of spatially variable 
surface runoff generation [Beven and Kirkby, 1979; O'Loughlin, 
1986; Moore et al., 1993; Barling et al., 1994]. By concentrating 
on the geometrical features of the catchment (at the expense of 
neglecting the relatively poorly understood dynamics), these 
methods can supply considerable spatial information using 
simple, easily understood calculations. Analytical hillslope 
models [e.g., Sivapalan, 1993; Salvucci and Entekhabi, 1995] 
typically require a simplified geometry with only a single lateral 
outflow boundary and no lateral inflows from adjacent loca- 
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Figure 2. Experimental design for study hillslope, with se- 
lected troughs indicated as Tn: other troughs are between 
those shown. (Elevation contours in meters; B, tipping bucket 
station for four troughs; D, data logger; R, rain gauge). 
Figure	  4.	  	  Visualized	  effects	  of	  top graphy	  on	  flow	  paths.	  	  	  
Longer	  arrows	  represent	  more	  flow	  per	   it	  area.	  	  From	  
Woods	  and	  Rowe	  (1996).	  
SPRINGS OF GORDON GULCH: A SOURCE ANALYSIS 	  
	  
16	  
Pinay, 2005; Woods & Rowe, 1996).  Fujimoto et al. (2008) noted that there is a 
threshold for runoff to increase significantly: in convergent slopes the rainfall had to 
exceed 35mm and in the planar/divergent 60mm (figure 5).  The threshold was associated 
with a significant portion of the hillslope being saturated.  The greater the amount 
saturation results in more transient water flowing through the hillslope (Fujimoto et al., 
2008).  During base flow Fujimoto et al. (2008) noted that runoff for the convergent 
region and divergent/planar regions was comprised of different amounts of new  
(transient) and old (perennial) ground water.  The convergent slope had a baseflow of 
80% perennial groundwater and 20% transient groundwater, and during stormflow 
perennial groundwater decreased to ~30%, transient groundwater increased to 60%, and 
rainfall inputs were ~20% (Fujimoto et al., 2008).  In the divergent/planar slope baseflow 
was 85% perennial groundwater and 15% transient groundwater, and in storm flow 
perennial groundwater decreased to 57% and transient groundwater increased to 43% 
(Fujimoto et al., 2008).  During the largest storms Fujimoto et al. (2008) observed runoff 
peaks in the convergent region almost double that of the planar/divergent slopes.  The 
differences in flow were attribute to the topography, antecedent moisture, storm size, and 
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Figure 13. Schematic illustration of contributing areas for storm generation in the valley-head and the side slope for different storms: (a) small scale
(0 < total rainfall < 35 mm); (b) medium scale (35 < total rainfall < 60 mm); (c) large scale (60 mm < total rainfall)
slope by the contributions of the transient groundwater,
and the transient groundwater from the expanded subsur-
face saturated area begins to produce the runoff responses
via a lateral preferential flowpath. In contrast, on the side
slope, such transient groundwater does not contribute to
the storm runoff, and significant expansion of the subsur-
face saturated area does not occur for rainfall amounts
of 35–60 mm (Figure 13b). With a higher total rainfall
(>60 mm) on the side slope, the subsurface saturated area
in the lower part of the hillslope extends to the upper
hillslope, as it does at the valley-head (Figure 13c). In
a similar study, Sidle et al. (2000) examined hydrologi-
cal responses at various scales in small catchments and
presented a hydrogeomorphic conceptual model devel-
oped from the variable source-area model (e.g. Hewlett
and Hibbert, 1967), describing spatial and temporal link-
ages of different landscape units. Their model indicated
that hydrologically active areas expand from the valley-
bottom zones to zero-order basins (geomorphic hollows)
as catchment moisture increases and that, during very wet
conditions, most zero-order basins contribute to storm
runoff, whereas the contributions of planar hillslopes are
limited. However, our results show that, during large rain-
fall events, not only zero-order basins (the valley-head),
but also planar hillslopes (the side slope), can be impor-
tant contributors to runoff responses.
Our model presents a different role of hillslope units in
storm runoff generation. This model also suggests that the
runoff characteristics and the variation in the runoff water
chemistry of small catchments may be determined by the
combinations of the effects of the valley-head and the side
slope. Thus, to evaluate stormflow generation in small
catchments, it is necessary to divide small catchments
into two geomorphologically different hillslope units:
the valley-head (convergent hillslope) and the side slope
(planar hillslope).
CONCLUSIONS
Hydrometric and hydrochemical observations at two dif-
ferent types of hillslope, i.e. a valley-head (a concave
hillslope) and a side slope (a planar hillslope), showed
that the hydrological responses of the hillslopes reflect the
respective topographical characteristics and vary with the
magnitude of rainfall. Runoff from the side slope shows
a quick response, whereas runoff from the valley-head
shows no response for small rainfall events (<35 mm).
As the amount of rainfall increases (35–60 mm), the
valley-head responds and yields a higher flow than the
side slope. During large rainfall events (>60 mm), runoff
from both hillslopes increases, although that from the
valley-head is greater. The different runoff responses of
the two hillslopes are caused by the different roles of
soils at the lower part of the slopes and the convergence
of hillslope. The side slope has a contributing area near
the slope bottom, where the water storage capacity is
very small; in contrast, all rainwater on a small scale can
be stored within deep soils at the head hollow. During
medium-scale rainfall, the subsurface saturated area at the
valley-head extends from the bottom to the upper slope,
and the saturated subsurface flow increases because of the
contribution of transient groundwater via lateral preferen-
tial flowpaths due to the high concentration of subsurface
water. In contrast, such saturated subsurface flow does
not contribute to the runoff responses, and the subsurface
saturated area does not extend to the upslope on the side
slope for the same rainfall. During large rainfall events,
expansions of the subsurface saturated area are observed
at both hillslopes, regardless of the shape. These results
indicate that differences in the concentration of subsur-
face water reflect hillslope topography and may result in
the varying extension of subsurface saturated area and
the variability in runoff responses.
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Figure	  5.	  	  Shows	  contributing	  area	  for	  convergent	  (valley	  head)	  and	  planar	  (side	  slope)	  hillslopes.	  	  The	  
left	  chart	  shows	  the	  threshold	  for	  the	  hillslopes	  to	  respond	  to	  rainfall.	  From	  Fujimoto	  et	  al.	  (2004). 
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soil depth.  In the convergent slopes, deeper soils are able to hold more water and water 
would take longer to flow through the unsaturated soil; therefore in small storms the 
deeper soil could hold all the water, and during larger storms the larger amount of water 
storage resulted in more saturation, more runoff, and faster runoff (Fujimoto et al., 2008; 
Woods & Rowe, 1996; Woods, Sivapalan, and Robinson, 1997).  In contrast the side 
slopes with thinner soils would not be able to hold as much water, and that is why it has 
rapid runoff responses (Fujimoto et al., 2008; Woods & Rowe, 1996; Woods et al., 1997).  
Woods and Rowe (1996) went as far to say that storm size and antecedent wetness 
exhibits larger controls on flow paths then topography.  The higher the antecedent 
wetness and the larger the storm usually resulted in the most uniform hillslope responses 
(McGlynn et al., 2002).  When looking closer, there are many variations within the 
specific hillslopes that cannot be attributed to topography (McDonnell et al., 1998).  
Meerveld and McDonnell (2006) had a hillslope that showed spatially variable saturated 
areas on similar slopes and soil depths.  The variability was attributed to bedrock 
depressions that held water and became connected during increased inputs (Meerveld & 
McDonnell, 2006). 
 
Bedrock effects 
 McDonnell et al. (1998) noticed that flow paths are not very well definable or 
predictable by topographic surveys or modeling, and that the unexplained piece may be 
explained by bedrock topography.  Out of 700g of tracer injected in a straight line 
upslope, little to no tracer was recovered in the estimated troughs, and 7-35% was 
recovered in adjacent troughs that received little to no tracer upslope (McDonnell et al., 
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1998).  Woods and Rowe (1996) had similar findings in that their troughs did not have 
any correlation to upslope contributing area suggesting that topography alone cannot 
control flow paths.  Bedrock has been observed to have considerable special controls and 
inputs to runoff (McGlynn et al., 2002; Uchida & Asano, 2010; McDonnell et al., 1998; 
Gabrielli, McDonnell, and Jarvis, 2012).  Even though bedrock contributions are much 
more evident in catchments underlain by rock other then granite, granite basins have been 
found to have both percolation and outflow in zero order hollows and first order streams 
(Terajima, Mori, and Ishii, 1993).  Water can flow both on top of the bedrock and 
through the bedrock.  When there is not enough permeability water will flow over 
bedrock, however, when fractures are present, fractures can rapidly transport water 
downslope (Gabrielli et al., 2012).  There is evidence to suggest that upslope transient 
saturated areas are caused by bedrock fractures, and upslope transient saturated areas 
contribute directly to runoff (Gabrielli et al., 2012). When transient saturated areas are on 
the surface they can be considered a seep or spring.  Springs usually are located along 
bedrock fractures (Kresic and Stevanovic, 2010, p. 233).  Irregular spacing of springs has 
been found to be a good indication of springs controlled by bedrock fractures (Onda et al., 
2001).  Bedrock fractures can have great variability in depth over short distance creating 
very different sources for springs that are close together (Uchida & Asano, 2010).  
Finally, losses to bedrock can bypass hillslope mixing processes and discharge directly 
into the stream channel.   
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Preferential Flows 
 Tracers have been observed to move extremely fast through soils.  In 6 hours 
tracer has been observed to move 35 m, a distance that Darcy’s flow law would predict it 
to take 20 days (McGlynn et al., 2002; McDonnell et al., 1998).  When pores become 
connected, subsurface saturation occurs, and the hydraulic head gradient increases water 
can flow more efficiently through macropores (Bonell, 1998, McDonnell et al., 1998).  
Generally there is not a large volume of soil water that is connected in till there are large 
inputs.  Mosley (1979) described root channels, soil pipes, and seepage zones as fast 
flowing mediums by stating saturated hydraulic conductivity is not a limiting factor in 
these environments.   Within these macropore environments water can flow in 3 orders of 
magnitude faster when compared to flow through the soil matrix (Mosley, 1979).  The 
water table plays an important role in macropores by raising the saturated water level into 
areas with macropores, or more permeable soil horizons (Burt & Pinay, 2005).  It is 
common to see macropores discharging water at the channel bank when the water table 
rises high enough (Burt & Pinay 2005). 
 
Sources of Solutes 
 Different flow paths are defined by the observable chemistry of the water; this is 
because the subsurface flow paths define the materials they interact with as well as the 
time that they interact for (Anderson et al., 1997b).  The chemistry of stream water is 
made up of a substantial amount, 50-90%, of weathering-derived solutes from the 
bedrock (Anderson et al., 1997a; Asano, Ohte, and Uchida, 2004; Oliva et al., 2003).  
Weathering rates are most strongly controlled by vegetation, hydrological conditions, and 
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contact/availability of weatherable minerals (Asano et al., 2004).  Most hydrological 
conditions are controlled by soil; soil properties control water’s residence time and flow 
paths that control the amount of contact with fresh minerals (Oliva et al., 2003).  Putting 
weathering rates and hydrological conditions together, the two most important factors 
that control water chemistry are contact time and contact area of the water and mineral 
(Oliva et al., 2003).  Weathering rates are highly linked to lithology, and are most active 
at the base of the saprolite, a layer in between soil and bedrock that is highly fractured 
(Asano et al., 2004; Oliva et al., 2003).  Next, both temperature and pH have been shown 
to effect solute concentrations in a lab (Lasaga, 1984).  In the field the pH and 
temperature do not have clear effects on weathering rates, however Oliva et al. (2003) 
looked at 99 granitic watersheds and found the highest fluxes of solutes are in catchments 
with the highest temperatures or lowest pH.  Beyond the extremes of pH and temperature, 
catchments showed loose correlation suggesting other factors, such as those mentioned 
above, controlling water chemistry.  In a forested catchment weathering rates were found 
to be 1.6-2.2 times higher then a non-vegetated catchment despite an eightfold difference 
in mean soil depth (Asano et al., 2004).  Fluxes were higher in the forested catchment 
because the lower pH increased chemical weathering possibly due to an increase in 
proton production (Asano et al., 2004).  Pore size, and specifically intermediate pore 
sizes, is generally more hydrologically active creating a key influence in solute transport 
(Wilson et al., 1991).  Micropores are generally at a chemical reaction equilibrium with 
the soil surface whereas macropores generally have nonequilibrium, and therefore the in 
between size, because of their pore pressure, generally receive the optimum amount of 
water and weathering reaction to have an effect of solute transport (Wilson et al., 1991).  
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Regardless of vegetation, soil formation, and geology, the interactions with bedrock are 
still the most important (Asano et al., 2004; Oliva et al., 2003).  Silica, and Sodium have 
shown to be the strongest indicators of interactions with bedrock because they are 
generally close to zero in precipitation and represent interactions with bedrock (Anderson 
et al., 1997b; Fujimoto et al., 2008; Uchida & Asano, 2010).  Bedrock springs have been 
observed to have 4-5 times the amount of Si compared to transient groundwater (Asano et 
al., 2004; Uchida & Asano, 2010). Ca, K, and Mg have not shown as great variations 
(Asano et al., 2004).  Chloride generally reflects enrichment via evaporation, however in 
Gordon Gulch there is an input of Cl (Anderson et al., 1997b; Anderson personal 
communication 2012).  Finally, the variability in depth creates a longer flow path, giving 
a longer residence time, with the final outcome of higher levels of solute (Uchida & 
Asano, 2010). 
 
Field Site 
 Gordon Gulch (GG) is located approximately 8 km NE of Nederland in the 
Arapahoe National Forest.  The catchment is 2.7 km2 with a minimum elevation of 
2446m and maximum elevation of 2734m.  The bedrock is biotite gneiss.  The north 
facing slopes have denser vegetation in comparison to south facing slopes with more 
undergrowth.  Gordon Gulch is partially an intermittent and partially perennial stream 
that joins North Boulder Creek, which eventually contributing to Boulder Creek.   
GG is divided into Gordon Gulch Upper (GGU) and Gordon Gulch Lower (GGL) 
by locations of two stream gauges.  Streamwater is collected at the stream gauge 
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locations.  Six groundwater wells are located upper Gordon Gulch; Well 1 and 6 are 
located on N- and S-facing slopes respectively, and wells 2-5 are in the valley bottom.   
In total 17 springs have been identified in Gordon Gulch (figure 6).  The majority 
of the springs are located in upper Gordon Gulch and either near the valley bottom or 
midway on the S-facing slope.  In lower Gordon Gulch there are two springs, both on the 
N-facing slope, and one is quite high on the slope.  There are three groupings of similar 
springs: springs 3,13 are at the bottom of the valley in the top of upper Gordon Gulch, 
springs 14 and 11 are right next to Gordon Gulch channel, and springs 1, 8 and 10 are 
located around midway up the hillslopes. 
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Figure	  6.	  Overview	  of	  Gordon	  Gulch	  with	  locations	  for	  all	  sample	  types. 
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Methods 
 The Boulder Creek Critical Zone Observatory had already identified most of the 
springs, however I added four more springs to the inventory.  I located already identified 
springs by using a GPS and a high-resolution topographic map.  New springs were 
discovered by exploring convergent regions and the valley bottom.  All springs were 
recorded with a Trimble GPS for highly accurate points (Figure 6).  It is likely that there 
are more springs that haven’t been discovered.  I used field measurements, grab samples, 
and an auto sampler to collect samples and measure spring water quality.  I followed 
standard methods use in the Boulder Creek Critical Zone Observatory.  I visited all 17 
springs once a week, and collected samples from springs that were flowing.  An auto 
sampler was placed on two springs, one north and one south facing, for the duration of 
the study.  The data generated from by observation is compiled with data from the two 
stream gauges, groundwater well samples, and precipitation.   
 Field measurements and two samples were taken at each spring sampled.  Before 
going into the field, all bottles were double (glass) or triple (plastic) rinsed with dionized 
water to make sure samples will not be cross-contaminated; in addition the pH meter is 
calibrated with standard solutions.  In the field bottles were double or tripled rinsed again 
with the sample water before being filled.  To collect samples, new gloves were put on, 
bottles were rinsed with sample water, and then the bottles were filled with little to no air 
space.  After that, measurements of water temperature, water pH, air temperature, wind, 
and cloud cover were recorded.  Samples were kept in a cooler during transport back to 
INSTAAR. 
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Water samples are filtered into 5 different bottles using two different filters in the 
INSTAAR CZO lab.  Before filtering samples, the filters are flushed with a set amount of 
dionized water, then a set amount of the sample water, and finally filled.  Two 200 mL 
and one 125 mL bottles are filtered through a 0.45 micron filter. The 0.45 micron filter is 
used to remove sediment and microbes, and the samples are analyzed for anions, cations, 
and alkalinity.  The final bottle is filled with the water that has been filtered through a 
glass fiber filter (GFF) filter.  The GFF filter removes microbes and sediment; the filters 
are tested for chlorophyll, algae, etc; then water samples are tested for dissolved organic 
material.  After the samples and have been filtered and labeled, they are stored in a 
refrigerator with the GFF filter for later analysis.  Finally, one of the 200 mL bottles is 
prepared and sent to the Laboratory for Environmental and Geological Studies for cation 
analysis. 
Filtered samples were analyzed for cations (Si, Sio2, Mg, CA, Na, and K) by 
inductively coupled plasma optical emission spectrometry in the Laboratory for 
Environmental Geological Studies.  Anions (Cl, SO4, NO3) were tested in the CZO lab 
by ion chromatography and are titrated for alkalinity. Since samples were only collected 
once a week, the auto sampler helps extrapolate the single points into a finer resolution 
time series.  All springs will be grouped according to their cations, anions, and pH.  After 
grouping them, characteristics such as altitude, topographic features, height above 
channel, hillslope gradient, aspect, and temperature will be compared for similarities.  
Together the similarities and differences will help yield explanations processes 
controlling watershed chemistry.   
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 Finally the data was analyzed.  GPS points that were taken by a Trimble were 
analyzed using ARC GIS 10.1.  The base map used to analyze the points was made using 
Light Detection And Ranging (LIDAR), which creates a high-resolution map.  With the 
LIDAR and tools of ARC GIS I calculated watersheds for each spring, aspect, curvature, 
and slope angle.  Distances and elevations to the crest and river were calculated based on 
points that I thought would be the most accurate flow path pictured in figure 7.  Data 
from ARC GIS and the spring chemistry was the graphed and correlated in Microsoft 
Excel.  Finally some observations of rate of discharge, and how long springs flowed were 
qualitatively analyzed. 
Figure	  7.	  	  Red	  lines	  indicate	  the	  distances	  used	  for	  distance	  to	  river	  and	  distance	  to	  crest.	  	  Points	  are	  indicated	  at	  the	  
end	  of	  the	  lines	  where	  the	  measurements	  are	  fixed	  to. 
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Figure	  8.	  	  Discharge	  and	  times	  when	  samples	  were	  collected	  for	  individual	  springs.	  
Figure	  9.	  	  Groundwater	  wells	  1,	  2,	  and	  6	  and	  when	  samples	  were	  collected	  for	  individual	  springs.	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Results	  
Time	  flowing	  
	   	  Figures	  8	  and	  9	  show	  the	  sampling	  dates	  of	  the	  seven	  springs	  compared	  to	  discharge	  and	  water	  table	  levels	  respectively.	  	  Sampling	  took	  place	  from	  day	  109	  to	  day	  184	  with	  one	  extra	  day	  on	  day	  192.	  	  The	  first	  day	  (109)	  not	  all	  7	  springs	  were	  sampled,	  and	  on	  day	  184	  equipment	  was	  pulled	  out	  of	  the	  field	  and	  the	  only	  spring	  that	  was	  sampled	  was	  14.	  	  During	  the	  sampling	  period	  discharge	  and	  water	  table	  were	  steadily	  dropping.	  	  As	  the	  amount	  of	  water	  in	  the	  drainage	  decreased	  springs	  started	  running	  dry	  indicated	  by	  not	  having	  a	  sampling	  point.	  	  Springs	  13	  and	  11	  were	  the	  first	  springs	  to	  dry	  up,	  however	  13	  came	  back	  twice.	  	  On	  day	  144	  there	  is	  a	  note	  in	  the	  field	  book	  that	  heavy	  rain	  happened	  the	  night	  before,	  and	  this	  is	  the	  same	  time	  spring	  13	  came	  back	  on	  the	  second	  time.	  	  Springs	  1,	  3,	  and	  10	  never	  quite	  dried	  up,	  but	  they	  did	  become	  low	  enough	  to	  not	  be	  able	  to	  be	  sampled.	  	  The	  springs	  that	  flowed	  the	  entire	  sampling	  period	  were	  springs	  8	  and	  14.	  	  During	  the	  large	  rain	  event	  on	  day	  190	  all	  seven	  springs	  started	  flowing	  again.	  	  	  	  
Springs	  chemistry	  
	   K	  and	  NO3	  had	  a	  variation	  between	  20-­‐	  60	  and	  0-­‐	  20	  uEQ/L	  respectively	  among	  the	  springs,	  and	  mostly	  showed	  <20	  uEQ/L	  of	  variation	  among	  the	  individual	  series	  in	  time	  (figure	  10).	  	  SO4,	  Cl,	  and	  Na	  represented	  a	  medium	  variation	  of	  0-­‐	  220,	  0-­‐	  80,	  and	  100-­‐	  200	  uEQ/L	  respectively	  among	  the	  springs.	  	  Na	  and	  especially	  SO4	  showed	  considerable	  variation	  over	  time	  (figure	  10).	  	  Mg,	  and	  Ca	  had	  the	  largest	  variation	  among	  the	  springs	  at	  100-­‐	  500	  and	  100-­‐	  700	  uEQ/L	  respectively;	  with	  the	  
SPRINGS OF GORDON GULCH: A SOURCE ANALYSIS 	  
	  
29	  
exception	  of	  spring	  8,	  the	  variation	  over	  time	  for	  Mg,	  and	  Ca	  were	  <100	  uEQ/L	  (figures	  10).	  	  Si	  is	  not	  considered	  because	  there	  is	  a	  particulate	  getting	  through	  the	  filters	  and	  spiking	  the	  data.	  	  
Groundwater,	  precipitation,	  stream	  water,	  and	  perennial	  spring	  chemistry	  	   All	  anion	  data	  has	  been	  analyzed	  however,	  at	  the	  time	  of	  writing,	  only	  some	  of	  the	  cation	  data	  is	  analyzed	  for	  groundwater,	  precipitation,	  and	  surface	  water	  chemistry.	  	  In	  groundwater	  all	  anion	  data	  and	  one	  day	  of	  cations	  has	  been	  analyzed.	  	  Cl,	  and	  NO3	  have	  a	  small	  amount	  of	  variation	  among	  the	  groundwater	  wells	  and	  over	  time	  (figure	  11	  and	  12).	  	  SO4	  shows	  0-­‐	  200	  uEQ/L	  variation	  among	  the	  groundwater	  wells	  and	  ~100	  uEQ/L	  variation	  in	  the	  time	  series	  (figures	  11	  and	  12).	  Next	  K	  and	  Na	  had	  some	  variation	  among	  the	  wells	  with	  an	  average	  of	  41.08	  and	  145.26	  uEQ/L	  and	  standard	  deviations	  of	  13.60	  and	  37.85	  uEQ/L	  respectively	  (figures	  11	  and	  15).	  	  Mg	  and	  Ca	  showed	  the	  largest	  amount	  of	  variation	  with	  an	  average	  of	  740.16	  and	  824.16	  uEQ/L	  with	  standard	  deviations	  of	  434.70	  and	  328.37	  uEQ/L	  respectively	  (figures	  11	  and	  15).	  	  Only	  anions	  were	  analyzed	  for	  precipitation,	  but	  in	  addition	  to	  a	  record	  of	  last	  year’s	  precipitation	  data,	  data	  from	  a	  lower	  site,	  Sugarloaf,	  for	  02/2011	  to	  02/2012	  has	  been	  included	  to	  extrapolate.	  	  In	  Gordon	  Gulch	  the	  averages	  for	  precipitation	  collected	  from	  the	  canopy	  for	  Cl,	  SO4,	  and	  NO3	  are	  39.67,	  48.20,	  and	  68.27	  uEQ/L	  respectively	  (figure	  15).	  	  Gordon	  Gulch’s	  precipitation	  collected	  from	  an	  open	  field	  is	  12.50,	  34.61,	  and	  30.00	  uEQ/L	  for	  CL,	  SO4,	  and	  NO3	  respectively	  (figure	  15).	  	  From	  Sugarloaf	  the	  precipitation	  average	  for	  1.65	  uEQ/L	  Cl,	  10.30	  uEQ/L	  SO4,	  16.89	  uEQ/L	  NO3,	  8.35	  uEQ/L	  Ca,	  1.79	  uEQ/L	  Mg,	  1.26	  uEQ/L	  Na,	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and	  0.51	  uEQ/L	  K	  (figure	  15).	  	  One	  sample	  was	  removed	  from	  the	  Sugarloaf	  site	  because	  it	  showed	  greater	  the	  1000%	  increase	  in	  most	  solutes.	  	  Surface	  water	  had	  averages	  of	  26.18	  uEQ/L	  Cl,	  134.14	  uEQ/L	  SO4,	  0.38	  uEQ/L	  NO3,	  270.03	  uEQ/L	  Mg,	  430.30	  uEQ/L,	  Ca,	  167.04	  uEQ/L	  Na,	  and	  29.71	  uEQ/L	  K	  (figure	  15).	  The	  two	  perennial	  springs	  show	  similar	  variations	  as	  the	  springs	  do.	  	  In	  the	  perennial	  springs	  Cl,	  SO4,	  and	  NO3	  have	  average	  concentrations	  of	  25.40,	  90.12,	  and	  13.61	  uEQ/L	  respectively	  (figure	  15).	  	  The	  lower	  perennial	  spring	  (2)	  generally	  has	  higher	  concentration	  of	  Cl,	  SO4,	  and	  NO3	  although	  its	  not	  always	  true.	  	  On	  day	  130	  NO3	  and	  Cl	  showed	  spikes	  that	  were	  opposite	  in	  the	  two	  springs,	  and	  SO4	  had	  a	  downward	  spike	  for	  both	  perennial	  springs	  (figure	  12).	  	  On	  day	  151	  the	  perennial	  springs	  both	  showed	  a	  ~40	  uEQ/L	  increase	  in	  SO4.	  	  
Chemistry	  concentration	  time	  series	  The	  springs,	  groundwater,	  and	  stream	  water	  are	  all	  within	  similar	  variation	  among	  series	  except	  for	  groundwater	  is	  much	  higher	  then	  all	  other	  water	  for	  Mg,	  and	  Ca.	  As	  in	  everything	  else	  NO3	  and	  Cl	  showed	  the	  smallest	  amount	  of	  variation	  along	  the	  time	  series,	  however	  spring	  13	  had	  a	  much	  higher	  concentration	  of	  Cl	  (figure	  12).	  	  Na	  showed	  a	  slight	  upward	  trend	  for	  all	  stream	  water	  and	  the	  springs	  (figure	  12).	  	  SO4,	  Mg,	  and	  Ca	  all	  show	  considerable	  variation	  over	  the	  sampling	  period	  (figure	  12).	  	  Ca	  has	  a	  slight	  upward	  trend	  among	  stream	  water	  and	  springs	  1,	  10	  and	  14,	  and	  springs	  8	  and	  13	  show	  downward	  trends.	  	  The	  Ca	  concentration	  in	  spring	  3	  changes	  little	  over	  time,	  and	  then	  at	  the	  end	  of	  the	  sampling	  period	  had	  a	  slight	  decrease	  followed	  by	  an	  increase	  (figure	  12).	  	  Mg	  followed	  a	  similar	  trend	  to	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Ca	  in	  that	  there	  was	  steady	  rise	  in	  concentrations	  for	  the	  stream	  and	  springs,	  1,	  10,	  and	  14,	  springs	  8	  and	  13	  showed	  decreases,	  and	  spring	  3	  was	  steady	  with	  the	  slight	  decrease	  then	  increase.	  	  In	  the	  stream	  Ca	  and	  Mg	  decreased	  around	  day	  190	  precipitation	  (figure	  12).	  	  SO4	  showed	  a	  lot	  of	  variation	  with	  two	  distinct	  spikes	  around	  day	  144	  and	  day	  190	  after	  precipitation	  events,	  and	  the	  stream	  values	  are	  slightly	  delayed	  near	  day	  144	  (figure	  12).	  	  
Topographical	  correlations	  
	   Distance	  to	  the	  top	  of	  the	  drainage	  and	  chemistry	  showed	  significant	  correlations	  (figures	  13	  and	  14).	  	  TDS,	  Mg,	  Ca,	  Na	  all	  had	  R2	  values	  of	  0.95,	  0.92,	  0.94,	  and	  0.86	  respectively.	  	  NO3,	  Cl,	  and	  Si	  all	  showed	  weaker	  correlations.	  	  
Weak	  trends	  and	  correlations	  
	   Elevation	  to	  the	  top	  and	  solute	  concentrations	  had	  the	  weakest	  correlation	  with	  an	  average	  R2	  value	  of	  0.19	  (figure	  14).	  	  Elevation	  to	  river	  and	  solute	  concentrations	  and	  distance	  to	  river	  and	  solute	  concentrations	  had	  an	  average	  R2	  value	  of	  0.43	  and	  0.44	  respectively	  (figure	  14).	  	  Among	  distance	  to	  river	  and	  solute	  concentrations	  the	  highest	  correlation	  was	  for	  TDS,	  Mg,	  Ca,	  and	  Cl	  of	  0.63,	  0.64,	  0.64,	  and	  0.70	  respectively.	  	  The	  highest	  R2	  for	  elevation	  to	  river	  and	  solute	  concentrations	  was	  for	  TDS,	  Mg,	  CA,	  an	  Cl	  of	  0.63,	  0.60,	  0.60,	  and	  0.58	  respectively.	  	  	  	   There	  were	  little	  equal	  daily	  variations	  to	  springs’	  8	  and	  11	  water	  chemistries,	  which	  were	  the	  only	  springs	  with	  auto	  samplers.	  	  Spring	  11	  showed	  basically	  no	  variation	  over	  the	  9	  days,	  and	  the	  most	  variation	  was	  in	  Na	  with	  ~10	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uEQ/L.	  	  In	  comparison	  to	  spring	  11,	  spring	  8	  showed	  a	  considerable	  amount	  of	  variation	  in	  every	  solute	  except	  NO3,	  which	  was	  practically	  0	  uEQ/L.	  	  
 
Figure	  10.	  	  Spring	  chemistry	  of	  NO3,	  Cl,	  SO4,	  Mg,	  Ca,	  Na,	  and	  K	  and	  day	  of	  year	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Figure	  11.	  	  Groundwater	  concentrations	  of	  NO3,	  Cl,	  SO4,	  Mg,	  Ca,	  Na,	  and	  K.	  	  Data	  is	  from	  2011	  and	  the	  
cations	  are	  only	  from	  day	  58.	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Figure	  12.	  	  Discharge	  and	  groundwater	  level	  relationships	  to	  springs	  and	  surface	  water	  in	  NO3,	  Cl,	  SO4,	  
Mg,	  Ca,	  Na,	  and	  K.	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Figure	  13.	  	  Correlation	  between	  the	  distance	  to	  the	  crest	  
and	  solutes:	  TDS,	  Mg,	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Figure	  14:	  R2	  values	  for	  all	  topographic	  correlations.	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure	  15:	  All	  water	  types	  and	  their	  average	  values	  for	  the	  sampling	  period	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Discussion 
  The springs of Gordon Gulch are an emergence of groundwater, are 
positively correlated with the water table, and contribute significantly to the channel.  
The evidence is within comparisons of water chemistry, channel discharge and 
groundwater levels, and similar time series trends with solute concentrations. 
 Gordon Gulch’s springs are an emergence of groundwater in agreement with 
Kresic and Stevanovic (2010).  Average chemical composition of well water samples are 
within the seven springs’ average chemical composition except for Mg and Ca as seen in 
figure 15.  Well water’s concentrations of Mg and Ca are about double the springs 
concentrations.  As discharge and the water table decreases the springs and the channel 
increase in Mg, Ca, and Na; the increase in Mg, Ca, and Na indicate that springs’ flows 
increase towards groundwater as discharge and water levels decrease (figure 12).  This is 
in agreement with many authors who have stated baseflow is predominantly groundwater 
flow (McGlynn et al., 2002; Anderson et al., 1997a,b; Sklash et al., 1986), and its in 
agreement with the find of Sklash et al. (1986) that seeps had less then 10% contributions 
of new water.  Precipitation concentration values are similar to the springs for Cl, higher 
values for NO3, and lower values in SO4, Mg, Ca, and K (figure 15).  The difference 
between precipitation and the springs Mg, Ca, Na, and K is in the order of 4 magnitudes.   
However, close concentrations of Cl and NO3 coupled with the springs possible response 
to SO4 suggests that the springs may react to precipitation.  Though SO4 precipitation 
concentrations are lower then the springs, the increase in SO4 shortly after precipitation 
events suggests that the springs do react.  SO4 increases in five of the seven springs and 
SPRINGS OF GORDON GULCH: A SOURCE ANALYSIS 	  
	  
45	  
in the channel shortly after a rain event on 143, and again in six of seven springs as well 
as the channel increase in SO4 with the large storms around day 190 (figure 12).  The 
increase of SO4 during rain events along with its decrease during baseflow suggests that 
the springs do react to rain, which goes against the findings of Onda et al. (2001) that 
springs hardly react to precipitation.  The SO4 concentrations are with in the range that is 
found in groundwater; groundwater does show similar spikes in SO4 however only two 
wells show the spike just after day 140 (figure 12).   Finally, springs are sourced from 
long groundwater flow paths indicated by the R2 values of TDS, Mg, Ca, and Na of 0.95, 
0.92, 0.94, and 0.85 respectively when compared to increasing distance from the crest 
(figures 13 and 14).  This suggests that the springs are not sourced from a perched 
groundwater table and a rather sourced from flow paths that extend all the way to the top 
of the drainage’s divide. 
 The springs’ flows are connected to the rise and fall of the water table.  Discharge 
slowly decreases and, a little more obviously, groundwater levels decrease over the 
sampling period.  When groundwater diminishes springs start running dry as indicated in 
figures 8 and 9.  In further evidence of their link to the water table, when the large 
precipitation events happened just before day 190 all the springs started to flow again in 
response.  However the drying up of springs is not homogenous.  Springs 13 and 3 both 
have the shortest distance to the crest and spring 13 dries up first where as spring 3 was 
flowing or wet the entire time (figures 8, 9 and 13).  In addition I observed spring 11 have 
on of the highest flows and it was the second spring to dry up.  Around day 190 the well 
water level on the North slope rose over 2m and after the peak continued to fall >60 days.  
The springs’ appearance and disappearance in conjunction with the rise and fall of the 
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water table reflects the dynamic nature of the unconfined groundwater aquifer.  The 
heterogeneity of the times of flow from the springs shows the heterogeneity of the 
groundwater aquifer.  Throughout the drainage water table saturation is heterogeneous as 
show by the timing of saturation and observed flow rates in the springs. 
 Groundwater is the major contributor to the channel, and because the springs are 
an emergence of groundwater they are a major contributor to the channel.  Similar time 
series trends for solute chemistries in the springs and the channel show that they are 
similar processes (figure 12).  This is in agreement with Onda et al. (2001) that bedrock 
springs are an important contributor to baseflow.  In general for all the solutes tested, 
when the channel increases in concentration the springs increase with concentration and 
vise versa.  The perennial springs of Gordon Gulch are closer in Cl to groundwater then 
the springs, are further away from groundwater then the springs in SO4, and much closer 
to the springs in NO3. Because channel, groundwater, and the springs have similar 
concentrations over time the springs and groundwater are a defining piece of channel 
chemistry. 
 Spring 8 consistently goes against most time series trends (figure 12).  In SO4 
spring 8 starts much lower then all the other series and increases sharply when all the 
others are decreasing slowly.  The opposite is observed for Mg and Ca, spring 8 starts 
very high in concentration and decreases when every other series starts lower and 
somewhat increases in concentrations.  As discharge decreases spring 8 increases in SO4 
and increases in Mg and Ca.  Since SO4 is an atmospheric input, this may indicate that 
spring 8 may have more inputs from the soil layer or possibly perched saturation of water.  
In conclusion, there is some disagreement in time series concentrations between the 
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springs and the channel, however spring 8 constantly goes against the concentration 
trends indicating that it is sourced from a different process or is an extreme of the 
heterogeneity in the groundwater. 
 
Conclusion 
 The springs of Gordon Gulch show a unique window into a heterogeneous water 
table that is the major contributor to the channel under baseflow conditions.  The timing 
of discharge from the springs coinciding with water table levels and channel discharge is 
the first indicator that the springs are sourced from groundwater.  The second is that the 
springs chemistry are very similar to groundwater chemistry and stream chemistry.  
Third, increasing concentration of TDS, Mg, Ca, and Na with increasing distance from 
the crest showed that not only are the springs sourced from groundwater but long flow 
paths of groundwater ruling out the likelihood of perched saturation.  Finally, the similar 
time series concentrations of channel and the springs indicates the springs’ important role 
in contributing and defining the channel chemistry.  The findings of this paper are in 
agreement with many of the findings posed in the literature review especially with Sklash 
et. al. (1986) in that old water dominates and the spring had very little contributions of 
new water.   
 There are many future questions that could be asked.  The biggest question would 
be what are the springs response to large precipitation or snow melt events.  This report 
saw predominantly baseflow conditions and to fully understand the springs’ sources it is 
important to observe the change or lack of change in sources to the springs under 
changing conditions.  Next, the maximum sample size of 17 would allow better 
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predictions based upon observed trends, and it could help create insights into spring 8’s 
different trends.  Measuring discharge on the springs would allow for a more quantitate 
comparison of discharge trends and solute fluxes creating a better comparison between 
springs and other source of water.  Finally, further GIS analysis such as slope, aspect, 
vegetation, and curvature may explain concentration and discharge trends. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SPRINGS OF GORDON GULCH: A SOURCE ANALYSIS 	  
	  
49	  
 
 
Bibliography 
Anderson, S., Dietrich, W., Torres, R., Montgomery, D., & Loague, K. (1997a). 
Concentration-discharge relationships in runoff from a steep, unchanneled 
catchment. Water Resources Research, 33(1), 211-225.  
Anderson, S. P., Dietrich, W. E., Montgomery, D. R., Torres, R., Conrad, M. E., & 
Loague, K. (1997b). Subsurface flow paths in a steep, unchanneled catchment. 
Water Resources Research, 33(12), 2637-2653.  
Asano, Y., Ohte, N., & Uchida, T. (2004). Sources of weathering-derived solutes in two 
granitic catchments with contrasting forest growth. Hydrological Processes, 18(4), 
651-666.  
Asano, Y., Uchida, T., & Ohte, N. (2003). Hydrologic and geochemical influences on the 
dissolved silica concentration in natural water in a steep headwater catchment. 
Geochimica Et Cosmochimica Acta, 67(11), 1973-1989.  
Bonell, M. (1998). SELECTED CHALLENGES IN RUNOFF GENERATION 
RESEARCH IN FORESTS FROM THE HILLSLOPE TO HEADWATER 
DRAINAGE BASIN SCALE1. JAWRA Journal of the American Water Resources 
Association, 34(4), 765-785.  
Bowser, C., & Jones, B. (2002). Mineralogic controls on the composition of natural 
waters dominated by silicate hydrolysis. American Journal of Science, 302(7), 582-
662.  
Burt, T. P., & Swank, W. T. (2010). Hursh CR and brater EF (1941) separating storm-
hydrographs from small drainage-areas into surface-and subsurface-flow. 
transactions, american geophysical union 22: 863-871. Progress in Physical 
Geography, 34(5), 719-726.  
Burt, T., & Pinay, G. (2005). Linking hydrology and biogeochemistry in complex 
landscapes. Progress in Physical Geography, 29(3), 297-316.  
Clow, D., Mast, M., & Campbell, D. (1996). Controls on surface water chemistry in the 
upper merced river basin, yosemite national park, california. Hydrological 
Processes, 10(5), 727-746.  
DUNNE, T. (1983). Relation of field studies and modeling in the prediction of storm 
runoff. Journal of Hydrology, 65(1-3), 25-48.  
SPRINGS OF GORDON GULCH: A SOURCE ANALYSIS 	  
	  
50	  
Freeze, R. A., & Cherry, J. A. (1979). Groundwater. Englewood Cliffs, N.J.: Prentice-
Hall.  
FREEZE, R. (1972a). Role of subsurface flow in generating surface runoff .1. base flow 
contributions to channel flow. Water Resources Research, 8(3), 609-&.  
FREEZE, R. (1972b). Role of subsurface flow in generating surface runoff .2. upstream 
source areas. Water Resources Research, 8(5), 1272-&.  
Frisbee, M. D., Phillips, F. M., Campbell, A. R., Liu, F., & Sanchez, S. A. (2011). 
Streamflow generation in a large, alpine watershed in the southern rocky mountains 
of colorado: Is streamflow generation simply the aggregation of hillslope runoff 
responses? Water Resources Research, 47, W06512.  
Fujimoto, M., Ohte, N., & Tani, M. (2008). Effects of hillslope topography on 
hydrological responses in a weathered granite mountain, japan: Comparison of the 
runoff response between the valley-head and the side slope. Hydrological Processes, 
22(14), 2581-2594.  
Gabrielli, C. P., McDonnell, J. J., & Jarvis, W. T. (2012). The role of bedrock 
groundwater in rainfall-runoff response at hillslope and catchment scales. Journal of 
Hydrology, 450, 117-133.  
HOOPER, R., CHRISTOPHERSEN, N., & PETERS, N. (1990). Modeling streamwater 
chemistry as a mixture of soilwater end-members - an application to the panola 
mountain catchment, georgia, usa. Journal of Hydrology, 116(1-4), 321-343.  
Hornberger, G. M. (1998). Elements of physical hydrology. Baltimore: Johns Hopkins 
University Press.  
Horton, R. E. (1933). The role of infiltration in the hydrologic cycle. 
Trans.Am.Geophys.Union, 14, 446-460.  
Hursh, C. (1936). Storm water and absorption. Eos Trans.AGU, 17(2), 301-302.  
Krešić, N., & Stevanović, Z. (2010). Groundwater hydrology of springs :Engineering, 
theory, management, and sustainability. Burlington, MA: Butterworth-Heinemann.  
Lasaga, A. C. (1984). Chemical kinetics of water-rock interactions. J.Geophys.Res., 89, 
4009-4025.  
M.P., M. (1982). Subsurface flow velocities through selected forest soils, south island, 
new zealand. Journal of Hydrology, 55(1-4), 65-92.  
McDonnell, J., Brammer, D., Kendall, C., Hjerdt, N., Rowe, L., Stewart, M., et al. 
(1998). Flow pathways on steep forested hillslopes: The tracer, tensiometer and 
SPRINGS OF GORDON GULCH: A SOURCE ANALYSIS 	  
	  
51	  
trough approach. Environmental forest science (pp. 463- 474). Dordrecth, The 
Netherlands: Kluwer Academic Publishers.  
McGlynn, B., McDonnel, J., & Brammer, D. (2002). A review of the evolving perceptual 
model of hillslope flowpaths at the maimai catchments, new zealand RID A-2509-
2008. Journal of Hydrology, 257(1-4), 1-26.  
Meixner, T., Shaw, J., & Bales, R. (2004). Temporal and spatial variability of cation and 
silica export in an alpine watershed, emerald lake, california. Hydrological 
Processes, 18(10), 1759-1776.  
MONTGOMERY, D., & DIETRICH, W. (1995). Hydrologic processes in a low-gradient 
source area. Water Resources Research, 31(1), 1-10.  
MOSLEY, M. (1979). Streamflow generation in a forested watershed, new-zealand. 
Water Resources Research, 15(4), 795-806.  
Oliva, P., Viers, J., & Dupre, B. (2003). Chemical weathering in granitic environments. 
Chemical Geology, 202(3-4), 225-256.  
Onda, Y., Komatsu, Y., Tsujimura, M., & Fujihara, J. (2001). The role of subsurface 
runoff through bedrock on storm flow generation. Hydrological Processes, 15(10), 
1693-1706.  
Sidle, R., & Onda, Y. (2004). Hydrogeomorphology: Overview of an emerging science. 
Hydrological Processes, 18(4), 597-602.  
SKLASH, M., STEWART, M., & PEARCE, A. (1986). Storm runoff generation in 
humid headwater catchments .2. a case-study of hillslope and low-order stream 
response. Water Resources Research, 22(8), 1273-1282.  
Terajima T, Mori A, Ishii H. 1993. Comparative study of deep percolation amount in two 
small cathments in granitic mountain. Japanese Journal of Hydrological Sciences. 
23: 105-118 (in Japanese with English abstract). 
Torres, R., Dietrich, W., Montgomery, D., Anderson, S., & Loague, K. (1998). 
Unsaturated zone processes and the hydrologic response of a steep, unchanneled 
catchment. Water Resources Research, 34(8), 1865-1879.  
Tromp-van Meerveld, H., & McDonnell, J. (2006). Threshold relations in subsurface 
stormflow: 2. the fill and spill hypothesis. Water Resources Research, 42(2), 
W02411.  
Uchida, T., Asano, Y., Ohte, N., & Mizuyama, T. (2003). Analysis of flowpath dynamics 
in a steep unchannelled hollow in the tanakami mountains of japan. Hydrological 
Processes, 17(2), 417-430.  
SPRINGS OF GORDON GULCH: A SOURCE ANALYSIS 	  
	  
52	  
Uchida, T., Asano, Y., Onda, Y., & Miyata, S. (2005). Are headwaters just the sum of 
hillslopes? Hydrological Processes, 19(16), 3251-3261.  
Uchida, T., & Asano, Y. (2010). Spatial variability in the flowpath of hillslope runoff and 
streamflow in a meso-scale catchment. Hydrological Processes, 24(16), 2277-2286.  
West, A. J., Findlay, S. E. G., Burns, D. A., Weathers, K. C., & Lovett, G. M. (2001). 
Catchment-scale variation in the nitrate concentrations of groundwater seeps in the 
catskill mountains, new york, U.S.A. Water, Air, & Soil Pollution, 132(3), 389-400.  
Williams, M. W., Barnes, R. T., Parman, J. N., Freppaz, M., & Hood, E. (2011). Stream 
water chemistry along an elevational gradient from the continental divide to the 
foothills of the rocky mountains. Vadose Zone Journal, 10(3), 900-914.  
WILSON, G., JARDINE, P., LUXMOORE, R., ZELAZNY, L., TODD, D., & 
LIETZKE, D. (1991). Hydrogeochemical processes controlling subsurface transport 
from an upper subcatchment of walker branch watershed during storm events .2. 
solute transport processes. Journal of Hydrology, 123(3-4), 317-336.  
Woods R.A, R. L. K. (1996). The changing spatial variability of subsurface flow across a 
hillside. Journal of Hydrology (NZ), (35 (1)), 51-86.  
Woods, R., Sivapalan, M., & Robinson, J. (1997). Modeling the spatial variability of 
subsurface runoff using a topographic index. Water Resources Research, 33(5), 
1061-1073.  
 
 
 
 
 
 
 
SPRINGS OF GORDON GULCH: A SOURCE ANALYSIS 	  
	  
53	  
 
Appendix 
 
 
